Binary Cu 2 Se and Cu 2 Te have gained a great attention recently because of their interesting and abnormal physical properties, such as ultralow thermal conductivity, high carrier mobility, large effective mass of carriers and excellent thermoelectric performance. In this study, we find these two compounds are completely miscible throughout the studied composition range. The trigonal structure of Cu 2 Se is maintained when the Te content x is 0.2, but a new trigonal structure is formed when the Te content x is between 0.3 and 0.7. The carrier concentration is greatly improved when increasing the Te content in Cu 2 Se 1-x Te x solid solutions, resulting in much reduced electrical resistivity and Seebeck coefficient in the whole temperature range as compared with those of binary Cu 2 Se. The total thermal conductivity is inversely increased due to the contribution from enhanced carrier thermal conductivity. As a result, the overall thermoelectric performance of Cu 2 Se 1-x Te x solid solutions lies between Cu 2 Se and Cu 2 Te. We also find that the quality factor of Cu 2 Se 1-x Te x is higher than most typical thermoelectric materials. Thus, the thermoelectric performance can be further improved if the intrinsically high hole carrier concentrations can be reduced in Cu 2 Se 1-x Te x .
Introduction
Thermoelectric (TE) materials, which can directly convert heat into electricity and vice versa, have attracted widespread research interests due to its advantages of no moving parts, no mechanical or chemical processes involved, emission free, high durability and reliability.
1-4 TE technology shows a great potential in a variety of applications such as cooling and power generation using waste heat resources. 5 Their energy conversion efficiency is characterized by the dimensionless figure of merit, defined as zT = S 2 T/(ρκ), where S, T, ρ, and κ are the Seebeck coefficient, absolute temperature, electrical resistivity, and total thermal conductivity (including lattice contribution κ L and carrier contribution κ c ), respectively. The κ L can be tuned indpendently sometimes and the other parameters S, ρ, and κ c , however, are strongly interrelated through material carrier concentrations and/or electronic structures. 6 Thus, good TE materials are expected to possess an ideal crystal structure with two independent structural units that can be used to separate the interrelation between electrical and thermal transports. In order to realize this idea, the concept of phonon-glass electron-crystal (PGEC), 7 introduced by G. A. Slack, shows that an efficient thermoelectric material should exhibit low thermal conductivity as that in a glass but high electricity as that in a well-ordered crystal. Based on the PGEC concept, various good TE materials with high zTs have been reported, including filled skutterdites, 8, 9 zintl phases, 10, 11 and clathrates. 12, 13 Recently, the PGEC concept is further extended to superionic conductors within a name of phonon-liquid electron-crystal (PLEC). 14 The crystal structure of the PLEC material has two typical sublattices. One is the rigid and crystalline sublattice made by anion atoms. Another is the liquid-like sublattice made by cations that are around the anion sublattice with the ability of hopping (flowing) between the symmetry equivalent atomic sites. The disordered and mobile cations lead to ultralow κ L beyond the limit value in a glass not only by reducing the phonon mean free path but also by eliminating some of the phonon vibration modes. 14 As the most typical PLEC material, copper chalcogenides Cu 2−δ X-based (X = S, Se, and Te) compounds have demonstrated excellent TE performances with the peak zTs above 2, [15] [16] [17] [18] [19] [20] [21] comparable to or exceeding many state-of-the-art TE materials reported before. In spite of their simple chemical compositions, the crystal structures of copper chalcogenides are actually quite complex, which depend sensitively on the amount of Cu deficiency δ and fabrication process. 17, 22 The room temperature structures of Cu 2−δ Se, Cu 2−δ S, and Cu 2−δ Te are diverse from each other, and a variety of possible crystal structures have been proposed by previous researchers. [23] [24] [25] [26] [27] However, the clear-cut crystal structure remains a controversial issue. For example, the low temperature crystal structure of Cu 2 Se has been proposed divergently to be either monoclinic, 23 or orthorhombic, 24 or tetragonal structures. 25 Specially, a trigonal structure with much higher symmetry 3 ̅ is proposed by Espen recently, based on analysis of single crystal X-ray diffraction data. 28 Upon heating, the complicated room temperature Cu 2−δ X phase gradually converts to the high-temperature phases. But the phase transition temperatures and numbers are determined by δ. Specifically, the stoichiometric Cu 2 Se, Cu 2 S, and Cu 2 Te coumpounds experience 1, 2, and 5 phase transitions, respectively, from 300 K to 900 K. 15, 21, 28 The final cubic phase of was measured using the laser flash method (Netzsch, LFA-457). The specific heat (C p ) was determined by differential scanning calorimetric using Netzsch DSC 404F3. The density (d) was measured by the Archimedes method and the relative density of bulk Cu 2 Se 1-x Te x samples was higher than 98%. The total thermal conductivity (κ) was calculated according to the relationship κ = dC p D. The Hall coefficient (R H ) at 300 K was measured using a physical properties measurement system (PPMS-9, Quantum Design, USA) with a magnetic field swept from -3 to 3
T. The hall carrier concentration (p) and carrier mobility  H were calculated by p = 1/R H e and  H = R H /ρ, respectively, where e is the elementary charge.
Results and Discussion
Single-crystal X-ray diffraction was used to solve the crystal structures of refined using powder X-ray diffraction. 34 In Figure The dashed lines are guide to the eyes. The microstructural features of Cu 2 Se 0.5 Te 0.5 were investigated using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) techniques. The typical layered cleavage plates with the thickness ~100 nm are clearly observed, which is consistent with the sandwich-like crystal structure solved by single-crystal X-ray diffraction shown above. The elemental mapping and the backscattered electron microscopy (BSE) images are shown in Figure   4b . All elements distributed homogeneously in the materials without any element accumulations and impurity phases. Furthermore, a lot of nanograins, distorted lattices, and dislocations were observed by high resolution transmission electron microscopy (HRTEM), as shown in Figure 4c and 4d. These nanostructural defects are propitious to scatter lattice phonons for low thermal conductivity. . This is comparable to or even lower than those well-known materials with ultralow thermal conductivity. [40] [41] [42] [43] By combining the electronic transports and thermal conductivity, we determined the temperature dependent TE figure of merit zT (Figure 6h) To explicitly reveal the effects of Te alloying on the electrical transport properties in In order to understand the effect of Te alloying on the band structure, we estimate the effective masses m * by using a single parabolic band (SPB) model. 45, 46 Assuming combined acoustic phonon scattering and alloy scattering are the dominated carrier scattering mechanism, the Hall carrier concentration p and Seebeck coefficient S are correlated as follows:
where k B is the Boltzmann constant, e is the elementary charge,  is the scattering factor with a value of 0 for the combined acoustic phonon scattering and alloy scattering, and  (=E F /k B T) is the reduced Fermi energy. The Fermi integrals are given by
, where x is the reduced carrier energy, h is the Planck constant and r H is the Hall factor and given by = Here  0 is the mobility parameter that can be obtained by fitting the experimental data through SPB model. It is assumed the carrier concentrations do not change much at high temperatures owing to the nature of degenerate semiconductors with large band gaps. The calculated quality factor for Cu 2 Se 1-x Te x at 1000 K is around 1.0, which is higher than most typical thermoelectric materials, as shown in Figure 10a . The high quality factor means excellent TE performance that could be obtained when the carrier concentration is optimized. This leads to the high zT values predicted by the SPB model (see Figure 10b) . Therefore, high zT values are expected if the carrier concentrations are lowered to the optimal value through other approaches such as element doping. 
Conclusions
In summary, a series of 
